Abstract-The implementation methods of the tasks assignment and tasks scheduling for Wireless Sensor and Actuator Network (WSAN) are proposed in this paper. Firstly, the distributed auction algorithm was used to assign tasks to the optimal actuators. Secondly, the Ant Colony Optimization (ACO) algorithm whose parameters were optimized by Particle Swarm Optimization algorithm (PSO) was proposed for the tasks scheduling of each actuator. The optimization features of PSO were used to find the most important parameters of ACO and the performance of ACO was improved. The simulation results show that compared with the other methods of scheduling, the ACO optimized by PSO algorithm (PSO-ACO) has a better performance on moving distance, completion time and energy consumption.
I. INTRODUCTION
Wireless Sensor and Actuator Network (WSAN) is a new wireless ad-hoc network which is composed by a large number of stationary sensor nodes and small amount of mobile actuator nodes. Sensor nodes are used for sensing physical environment. Actuator nodes, applied for processing sensory data and making decisions when event occurs, will perform the appropriate tasks [1] . Actuators have higher energy and farther communication distance and better processing capabilities. Actuator node maybe a simple water sprinkle that coordinate with other sensors and actors to extinguish a conflagration. Actuator node may also be a mobile robot that communicates with other robots and sensors [2] . Melodia has noted that, the real-time performance and collaboration are two unique requirements to be met in WSAN [3] . Sensors to actuators coordination (S-A) and actuator to actuator coordination (A-A) are two types of coordination in WSAN. The main purpose of A-A is to complete the task allocation and scheduling. Actuator nodes are responsible for task executions which have great impact on energy consumption and real-time performance, therefore the reasonable schedule is important to reduce moving Manuscript received July 12, 2016; revised December 19, 2016 . This work was supported by the National Natural Science Foundation of China under Grant No. 61501171 Corresponding author email: qibensheng@126.com doi:10.12720/jcm.11.12.1066-1072 distance, shorten task completion time, and save energy consumption in the network [4] . There are varieties of solutions for tasks scheduling problem in WSAN. A central node was selected to collect the information of other actuators, make a decision and get allocation scheme [5] . The tasks assignment among actuators was formulated as a multi-objective optimization problem and modified ideal point algorithm was used to get the optimized task schedule [6] . The distributed auction algorithm was applied in the tasks assignment, which reduced the number of data package [3] , [7] . A distributed algorithm for multi-robot tasks assignment where the tasks have to be completed within given deadlines has been studied in [8] .
However, these methods analyzed the tasks assignment problem only, the tasks scheduling problem is not mentioned. Actuator nodes are responsible for doing the tasks, so the tasks schedule order of each actuator will directly affect moving distance, execution time and energy consumption. It is crucial to make a research on the tasks scheduling of each actuator in WSAN.
The dispatch schedule was determined by applying Traveling Salesman Problem (TSP) heuristics to the event list [9] , which can reduce the actuators' moving distance. There are lots of algorithms to solve TSP. The Genetic Algorithm (GA) optimized by greedy algorithm was used to solve TSP in smaller scale [10] . The Ant Colony Optimization (ACO) whose parameters were optimized by Particle Swarm Optimization algorithm (PSO) was applied to solve TSP in [11] . The novel ACO algorithm based on PSO was used to solve the large scale of TSP, which has been studied in [12] . But all these methods were used to solve TSP.
Actuator's tasks scheduling is similar to TSP: each actuator is equivalent to the traveling salesman, tasks' location of each actuator are equivalent to the cities' location that salesman has to go, but the problem is different. Firstly, the TSP solves the shortest path when the traveling salesman travel around the cities and then back to the original starting point, however, actuators won't return to the original point. Secondly, the number of cities in TSP is large, while the number of tasks is small in every actuator's task set. Thirdly, there is only one salesman in the TSP, but there are many actuator nodes as to the tasks scheduling in WSAN. Therefore, it is necessary to put forward a new tasks scheduling algorithm for WSAN.
In this paper, the tasks scheduling of actuators is focused on guaranteeing the real-time performance and energy efficiency. It shows that the proposed algorithm outperforms the other algorithms in terms of actuators' moving distance, energy consumption and task completion time, which is important to the network. The main contributions of the paper are summarized as follows: 1) The A-A collaborative model for tasks assignment and scheduling of the actuators is built. In order to ensure the real-time performance and energy efficiency, the constraint conditions are given in this paper.
2) The distributed auction algorithm is used to solve the tasks assignment problem, which efficiently reduce the number of packets. 3) In order to shorten the moving distance of the actuators, the ACO optimized by PSO algorithm (PSO-ACO) proposed in this paper is applied to get the optimal task schedule of each actuator. 4) The efficiency of the PSO-ACO is verified by simulation results. Completion time of the tasks, moving distance and energy consumption of the actuators are significantly reduced. This paper is organized as follows. In Section II, the A-A collaborative model is built. In Section III, the tasks assignment is solved by the distributed auction algorithm and tasks scheduling is resolved by PSO-ACO proposed in this paper. In Section IV, the simulation results are given to evaluate the performance of propose algorithm. In Section V, we summarize our contributions and future research.
II. A-A COLLABORATIVE MODEL
Mutual cooperation between sensors is for monitoring the physical environment. Sensor nodes report the task information to the actuator nodes when the task occurs in the monitoring area. The actuator node that receives the task requirements will coordinate with the neighbor actuator nodes and decide which actuator to complete tasks in order to ensure the real-time performance and the balance of energy consumption. The tasks of each actuator should also be scheduled efficiently in order to reduce moving distance, shorten completion time and save energy. The WSAN coordination chart is shown in Fig. 1 . Constraints to be met in the tasks assignment process are as follows:
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where (1) means that each task is assigned to at most one robot. (2) Guarantees that every task can be completed before the deadline. Satisfying the constraints as above, we can calculate the utility value for the assignment pair ( , ij rt), which is specified based on few parameters: the traveling distance ij dis a , the residual energy of the actuator ei a , the actuator's movement speed vi a and the task number of each actuator's task queue. We can compute ij u as follows:
where parameters 1 2 3 4 , , ,     are constant weights that convert all components of the utility to same units and can also be used to reflect the importance of different components. We can get tasks assignment according to the utility value by using distributed auction algorithm. After auction, each actuator node has its own task set. The task set is provided as follows:
Assuming that the total actuator's moving distance is l when all tasks are accomplished, the objective function is as follows: 
III. TASKS SCHEDULING ALGORITHM
In order to obtain the tasks schedule of each actuator, tasks assignment should be solved firstly, and then tasks scheduling secondly. The tasks assignment problem is solved by distributed auction algorithm, and the execution order of the tasks is solved by tasks scheduling algorithm.
A. Tasks Assignment
The t n tasks will be generated randomly in a round and assigned to a n actuators. In order to ensure real-time performance and energy balancing, the distributed auction algorithm was used in this paper.
Implementation of the algorithm is as follows:
Step 1: Sensor nodes forward the tasks information to the nearest actuators when tasks occurred. This actuator will be the decision node and sponsor an auction.
Step 2: The decision actuator forwards the task message to the neighbor actuators within the range of khop, and all these actuators are consisted in the auction set.
Step 3: Each node in the auction set calculates the utility value by (4) and transmits it to its father node. The father node compares the received utility value and its own value, transmits the information of the node whose value is large to its upper node, by parity of reasoning, until to the decision node.
The decision node will analyze the received data and make a decision which actuator to accomplish the task.
Step 4: After the tasks assignment, each actuator will have tasks set a .
The pseudo-code is shown as follows.
Algorithm: Tasks assignment based on auction algorithm. Input: ={t 1 ,t 2 ,..t nt } represents the tasks produce in one round, ={a 1 ,a 2 …a na }represents the set of actuator nodes, each task t i 's tasks set is S auci. Output: The tasks set S ai of each actuator. 
B. The Tasks Scheduling Algorithm based on PSO-ACO
After the completion of tasks assignments, each actuator node has its own tasks set a . The tasks scheduling problem of each actuator is to obtain a certain execution order, in which the moving distance is the shortest.
The procedure of tasks scheduling base on PSO-ACO is as follows:
Step 1: Associate a particle with a set of parameters [ , , ]    in ACO;
Step 2: Initialize a certain number of particles' position and velocity;
Step3 Step 4: Update the best P and best G according to the fitness value;
Step 5: Update the current position and velocity of the particle based on (7) and (8).
( 1)
where the  is the inertia weight; 1 c and 2 c are two constants, 1 c is the weight that adjust the particle near to the best P , 2 c is the weight that adjust the particle near to the best G , 1 r and 2 r are two independent random numbers,
V is the speed that particle i in k generation, () ik x is the position that particle i in k generation,
is the optimal position of the current particle found, best G is the optimal position for all particles;
Step 6: If the termination condition is satisfied (existing fitness value reaches a certain value or the number of iterations exceeds a definite value), then the algorithm ends and returns the current global best particle position, which is the best value of ( ,,    ). If termination condition is not satisfied, returns to Step 2;
Step 7: Obtain the optimal parameters ( ,,    );
Step 8: Initialize the parameters of each ant, and generate the empowerment adjacency matrix based on the tasks set a of each actuator;
Step 9: According to the probability () k ij Pt , each ant selects the next task's location, the probability is calculated as follows:
where () ij t  is the pheromone on the path of the actuator moving from task i to task j ; () ij t  is the heuristic
and task j ;  is the relative importance of  ;  is the relative importance of  ; k allowed is the task set that ants can be allowed to be chosen at time t ;
Step 10: Each ant would releases the pheromone on the path that contains all of the tasks, and the pheromone will be updated when the ants have visited all the tasks. The update equations are as follows: ( 1) (1 ) The ant-cycle model is used to release the pheromone, just as follows:
where Q is the amount of pheromone, k L is the length of path in current iteration. The pheromone will be accumulated or volatilized until terminating condition is satisfied (existing adaptation reaches a certain value or the number of iterations exceeds a definite value) and the most optimal schedule will be returned;
Step 11: If the terminating condition is satisfied, algorithm ends, otherwise returns to Step 9.
Tasks scheduling pseudo code is as follows:
Algorithm: Tasks scheduling based on PSO-ACO Input: The tasks set S ai of each actuator Output: The schedule table of each actuator. 14. The probability of actuator to the next task according equation (9) 
IV. SIMULATION RESULTS
We present simulation results characterizing the performance of our algorithm.
The performance of the tasks scheduling is evaluated by actuator moving distance, energy consumption and task completion time.
All the experiments are conducted on MATLAB. The experimental simulation scenario is 600m  600m square area, 10 actuators were randomly distributed in the region. 40 tasks were generated by 200 sensor nodes randomly in each experiment round.
Assume that every actuator has same initial energy and moving speed. Meanwhile there is no priority limitation over the tasks produced at the same time. In this paper, the ORDER schedule (using no algorithm), GA schedule presented in [9] , ACO schedule presented in [12] and PSO-ACO schedule presented in this paper are applied to solve the actuator schedule problem respectively.
The parameters setting by using GA is shown in Table  I . The parameters setting by ACO and PSO-ACO are shown in Table II . 
The average moving distance comparison boxplot is shown in Fig. 3 . When tasks were scheduled by ORDER, the average moving distance is longer than the others. The maximum average moving distance calculated by GA is smaller than the first quartile of ORDER. The maximum average moving distances calculated by ACO and PSO-ACO are significantly less than the minimum value of GA. The maximum average moving distances which calculated by PSO-ACO is smaller than the third quartile of ACO (The discrete points were generated due to the randomness of the tasks). The results show that the PSO-ACO algorithm used in this paper for actuator nodes tasks scheduling can effectively reduce the moving distance of the actuator nodes. The average task completion time boxplot is shown in Fig. 4 . When the tasks were scheduled by ORDER, the completion time is longer than that of others. The third quartile of completion time calculated by GA is smaller than the median of ORDER and the median of GA is smaller than the first quartile of ORDER. The third quartile of completion times which were calculated by ACO and PSO-ACO are both less than the first quartile value of GA. The third quartile calculated by PSO-ACO is equivalent to the first quartile of ACO. The simulation results show that the PSO-ACO algorithm used in this paper for actuator nodes tasks scheduling can effectively shorten the task completion time, which significantly ensures the real-time performance of WSAN. The average energy consumption boxplot is shown in Fig. 5 . The maximum of the average energy consumption calculated by GA is smaller than the first quartile of ORDER. The maximum values calculated by ACO and PSO-ACO are both significantly less than that of GA, While the maximum value of energy consumption that computed by PSO-ACO is equivalent to the median of ACO. The simulation results confirm that the PSO-ACO used in this paper can decrease the energy consumption, which is important to extend life of the network.
From the above simulation results, we also find that the average task completion time and the average energy consumption will increase with the increase of the moving distance. It's not difficult to understand, the time and energy will be consumed in the actuator's moving process.
The moving distance, completion time and energy consumption were calculated as follows: From Table III , we can conclude that compared with the ORDER, the average moving distance calculated by the PSO-ACO we used in this paper was reduced by 83.8%; compared with GA, reduced by 56.7% and compared with ACO reduced by 22.7%. In terms of task completion time, the PSO-ACO we used in this paper was decreased by 18.3% compared with the ORDER, decreased by 14.2% compared with GA and decreased by 7% compared with ACO. As to the energy consumption, the PSO-ACO we used in this paper was reduced by 55.7% compared with the ORDER, reduced by 42.4% compared with the GA and reduced by 14.8% compared with the ACO.
Experimental data shows that PSO-ACO algorithm presented in this paper is adapted to perform the task schedule.
V. CONCLUSION
In the procedure of A-A coordination, the tasks assignment and tasks scheduling are two important issues, which will seriously affect energy efficiency and realtime performance in WSAN. In this paper, firstly, we used distributed auction algorithm to assign tasks to certain actuators, which ensure the balance of energy consumption, and reduce the number of the data packets. The PSO-ACO presented in this paper was used to solve task schedule problem of each actuator. The ORDER, GA, ACO and PSO-ACO were respectively used to scheduling. The simulation results show that PSO-ACO is feasible, the performance is better than the other methods. Under the same condition, it can efficiently reduce moving distance, shorten completion time and reduce energy consumption, which is important to WSAN.
For further study, we will take tasks priority into consideration and improve the algorithm.
